The aim of this study was to investigate susceptibility-weighted imaging (SWI) signal changes in different brain regions in a rabbit model of acute hemorrhagic anemia.
Background
A number of clinical conditions cause acute hemorrhagic anemia, including massive gastrointestinal tract hemorrhage (caused by traumatic surgery, trauma, rupture of gastroesophageal varices, and duodenal and gastric ulcer), pulmonary or bronchial hemoptysis, the sudden bleeding resulting from tumor erosion into the blood vessel wall, and hemostatic defect-related diseases (such as hemophilia, Von Willebrand's disease, and platelet dysfunction) [1] [2] [3] . Each of these diseases can decrease blood flow and oxygen supply to the brain, and affect the physiological function of the brain, which often manifests as a wide variety of neurological symptoms, including dizziness, tinnitus, and even stroke and paralysis, and high disability and fatality rates, especially for children. In addition, anemia concurrent with brain trauma and a ruptured aneurysm also easily induces delayed cerebral infarction, thereby affecting treatment effect. Therefore, the detection of changes in brain function in patients with acute hemorrhagic anemia is helpful in preventing neurological complications and evaluating therapeutic effect.
However, the clinical changes of the nervous system in patients with anemia have not received much research attention. One important reason is that the current means can only indirectly detect changes in the brain function following anemia and lag behind the real condition of the brain function. Some methods, such as transcranial Doppler ultrasound, can detect the changes in cerebral blood flow velocity resulting from compensatory response of deficient oxygen delivery in anemia, including the increase in the state of anemia and returning to normal level when anemia is improved, but cannot reflect the actual situation of the oxygen supply and metabolism in the brain or organic brain changes such as stroke [4] . The other means, such as conventional computed tomography (CT) and magnetic resonance imaging (MRI), can detect early cerebral infarction and thus facilitate early treatment, but cannot monitor the physiological changes in the brain from the occurrence of anemia [5] . A non-invasive method, near-infrared spectroscopy (NIRS), is able to measure total levels of blood oxygen in the brain [6] [7] [8] , but is unable to provide fine details concerning the alterations in different cerebral tissues.
Susceptibility-weighted imaging (SWI) is a newly developed, contrast-enhanced MRI technique that has been used widely in the clinical diagnosis and research of many nervous system diseases, including cerebral hemorrhage and brain tumors [9] [10] [11] [12] . SWI is known as high-resolution blood oxygenation level-dependent (BOLD) venographic imaging [13] , and can reflect oxygen metabolism-related blood protein concentrations. This technology can produce clear images of cerebral venules, and may be used to detect strokes and microbleeds [11, [14] [15] [16] . SWI is potentially a novel, non-invasive method for sensing changes in cerebral oxygen levels and may provide more detailed information on cerebral blood flow in patients with hemorrhage [17] . However, there is a lack of studies in animal models assessing the utility of SWI for monitoring pathophysiologic changes in the brain following acute hemorrhagic anemia.
In the present study, we have used SWI to detect cerebral changes in an animal model of acute hemorrhagic anemia. We found that the SWI images and signals showed changes following hemorrhage, and the extent of the change in the SWI signal following acute hemorrhagic anemia differed between brain parenchyma and white matter regions. This indicates that the partial pressure of oxygen and carbon dioxide, and the concentration of deoxygenated hemoglobin in cerebral blood, are altered following acute hemorrhagic anemia. Our results suggest that SWI may be used to assess various regions of the brain after acute post-hemorrhagic anemia, and that it provides valuable information concerning the pathophysiologic changes in the brain.
Material and Methods

New Zealand white rabbits
Ten male New Zealand white rabbits (weight, 2.1-2.4 kg; age, 3-4 months) were obtained from the Experimental Animal Center of Guangdong Medical College, Guangzhou, China. The study was approved by the Animal Care and Ethics Committee of the First Affiliated Hospital, Shenzhen University, Guangzhou, China. All rabbits were given free access to food and water.
Construction of a rabbit model of acute hemorrhagic anemia
Construction of the rabbit model of acute hemorrhagic anemia was based on the method used by Morimoto et al. [18] . After a 12-h fast, the rabbits were anesthetized by intramuscular injection of 0.2 ml/kg xylazine hydrochloride (Su-Mian-Xin, Veterinary Institute, Academy of Military Medicine Science, Changchun, China). Once the respiratory rate had stabilized at 12-18 breaths/min, the skin of the groin was incised along the groin fold. A catheter was then inserted into the femoral artery, for bloodletting and blood sampling. The blood samples obtained were used for whole blood tests and blood gas analysis (for determination of PaCO 2 , PaCO 2 , lactic acid, and pH); in addition, the mean arterial pressure (MAP) was measured. An additional catheter was inserted through the femoral vein to the atrium, for infusion of fluid and assessment of red blood cell count (RBC), hemoglobin concentration (HGB), hematocrit (HCT%), and central venous pressure (CVP).
Blood sampling
Before the first MRI scan was performed, blood samples were drawn for blood gas analysis and whole blood tests. After the first MRI scan had been carried out, a 40-mL blood sample was drawn through the arterial catheter. To compensate for the effects of simple blood volume loss, the same volume of a 6% hydroxyethyl starch in 0.9% sodium chloride solution was injected through the femoral vein catheter. Following this, a blood sample was drawn again for blood gas analysis and whole blood tests, and the head of the rabbit was re-scanned by MRI. The bloodletting, fluid infusion, and scanning processes were repeated continuously 5 times before the animal recovered from anesthesia; on the fifth occasion, the bloodletting volume and fluid infusion volume were both 50 mL.
MRI scanning
The rabbits were anesthetized, fixed to a special board in the supine position, and scanned by a Siemens Magnetom Avanto 1.5T MRI Scanner (Siemens), using a body coil (excitation) and wraparound surface coil (reception). T2 dual-echo fast spin-echo with fat-suppression (FSE-T2WI/PD) and SWI 3D sequences were used. The scan extended downward from a plane passing through the superior orbital margin to the medulla oblongata of the rabbit.
FSE-T2WI/PD acquisition was conducted using the following parameters: repetition time (TR)=2800 ms; echo time (TE)=33/78 ms; field of view (FOV)=12×12 cm; matrix size =256×256; and acquisition time =3.09 min. SWI acquisition was performed with a 3D gradient echo sequence, as follows: TR=49 ms; TE=40 ms; flip angle (FA)=15°; FOV=15×15 cm; bandwidth =80 KHz; and IPAT factor =2.
SWI image processing
Additional processing was carried out on the phase-corrected SWI sequences. The third ventricle and the olfactory bulb parallel to the corpus callosum were measured. The bilateral frontal cortex, frontal white matter, temporal lobe, and thalamus were selected manually as regions of interest (ROI). The signal intensity in each of these regions (area fixed at 0.08±0.01 cm 2 ) was measured, and the average was calculated. The ROI was positioned so as to avoid blood vessels and the skull.
Histology
The rabbits were sacrificed immediately after the fifth MRI scan. The skin was incised and the skull opened. Brain and cerebellum were harvested, immediately fixed in 4% formalin, and embedded in paraffin. Sliced sections (3-5 µm) were stained with hematoxylin and eosin (HE) and examined under an Olympus BX41 microscope.
Statistical analysis
All measurement data are expressed as the mean ± standard deviation. Data analysis was performed using SPSS 21.0 software (IBM). The difference between the 2 groups was analyzed using Students t-test. For all analyses, a value of P<0.05 was considered to indicate statistical significance. In addition, a physician with five years of experience of MRI interpretation was invited to evaluate the cerebral white-gray contrast and vein structure of the SWI minimum intensity projection (MIP) images, without knowledge of the sequence in which the images were acquired.
Results
Blood test results
Comparisons of the blood test results before and after bloodletting are shown in Figure 1 . There was an approximate halving of the RBC, HGB and HCT% values after the first bloodletting, with further progressive decreases in the values of these parameters following each of the 4 subsequent bloodletting procedures ( Figure 1A ). The RBC, HGB, and HCT% values after the fifth bloodletting (4.72±0.43×10 12 /L, 98.20±10.22 g/L and 32.54±3.88%, respectively) were significantly lower than the corresponding control (pre-bleed) values (0.27±0.11×10
12 /L, 6.01±2.31 g/L and 1.97±1.02%, respectively). The bloodletting procedures were associated with substantial increases in lactic acid concentration as well as a small, but statistically significant, change in blood pH ( Figure 1B ). After the fifth bloodletting, the lactic acid concentration rose to 14.47±6.30 compared to 3.60±2.48 at pre-bleed. The pH value was decreased from 7.4±0.06 of pre-bleed to 7.25±0.01. PaO 2 increased and PaCO 2 decreased progressively with each bloodletting procedure ( Figure 1C ), such that following the fifth bloodletting, PaO 2 was significantly elevated (150.40±9.78 vs. 80.53±19.24 mmHg) and PaCO 2 was significantly reduced (22.00±7.35 vs. 42.65±4.13 mmHg) compared with the corresponding pre-bleed values. Bloodletting was not associated with any changes in CVP or MAP ( Figure 1D ). These results suggest the successful construction of acute hemorrhagic anemia in experimental rabbits.
SWI signals and images
The SWI signals of rabbit brains were acquired before and after bloodletting. Figure 2 shows representative SWI and corresponding T2-weighted images of the brain of a rabbit, obtained at the superior aspect of the olfactory bulb, the border of the olfactory bulb, the thalamus, and the cerebellum; also evident are examples of the ROIs chosen for analyses of the SWI images (see Materials and Methods). The mean SWI signal intensities (arbitrary units) of the frontal cortex, frontal white matter, temporal lobe, and thalamus, before and after bloodletting, are presented in Figure 3 . The control (pre-bleed) SWI signal intensity of the frontal white matter was significantly lower than that of the frontal cortex (52.50±20.29 vs. The value of the ROI only reflects the signal intensity of a localized region of the brain, and may be influenced by the volume effect. Therefore, we also evaluated the overall cerebral white-gray contrast and vein structure by inviting a physician with 5 years of experience to examine the SWI MIP images recorded before and after bloodletting ( Figure 4 ). The physician was blinded to the sequence in which the images were taken. The interpretation of the physician was that, compared with the control (pre-bleed) images, the contrast between the cerebral gray and white matter was higher after bloodletting, particularly after the fourth and fifth bloodletting procedures, and that venous structure was more abundant and clearer after bloodletting.
Histology
Histological sections of brain tissues after bloodletting revealed that degeneration and necrosis of neurons and glial cells were not evident ( Figure 5 ). However, spaces had formed around the blood vessels and cells, consistent with the occurrence of cerebral edema.
Discussion
Recent studies have demonstrated that the cerebral venous contrast of SWI images and the SWI signal intensity of brain tissues change when certain drugs (such as narcotics, caffeine, and contrast agents) are applied or certain pathophysiologic conditions are present [19, 20] . In the present study, SWI was used to investigate the association between the SWI signal intensities of various regions of the rabbit brain and the partial pressures of blood oxygen and carbon dioxide in these regions, after acute hemorrhagic anemia.
The rabbits in our study were anesthetized during MRI scanning. To remove the possible influence of the anesthetic on the partial pressures of oxygen and carbon dioxide in the blood, and thereby on the BOLD signal intensity, we compared the SWI signal intensities of different brain regions of the anesthetized rabbits before and after bloodletting. Our results showed that following the hemorrhage, the RBC count, hemoglobin, and hematocrit of the rabbits decreased, indicative of a state of hemorrhagic shock. After bloodletting, the rabbits were injected with hydroxyethyl starch in sodium chloride solution to maintain blood volume and venous return in the short term and hence improve organ perfusion, resulting in little or no change in the CVP and MAP values of the rabbits. This supplement of fluid is often used as emergent treatment of patients in hemorrhagic or extensive burn situations. However, although the hydroxyethyl starch/sodium chloride solution was able to increase blood volume, it did not replenish the red blood cells that carry oxygen, and hence it could not correct the problem of inadequate tissue oxygenation. As a result, the PaO 2 increased significantly and the PaCO 2 decreased significantly. The blood lactate levels initially increased, then decreased to some extent, and finally increased again. A possible explanation for this is that at the early stage of blood loss, a rapid decrease in blood volume led to tissue hypoperfusion and an increase in anaerobic metabolism; subsequently, the injection of hydroxyethyl starch/sodium chloride solution caused an increase in blood volume that partially replenished the blood oxygen, thereby reducing lactic acid levels; and finally, as more hydroxyethyl starch/sodium chloride solution was injected into the rabbits, the acidic substances deposited in the tissues were able to enter the bloodstream and cause an elevation of the lactic acid level.
The BOLD signal is closely related to intravenous oxygen concentration and can indirectly reflect changes in cerebral blood flow (CBF), thereby allowing the monitoring of oxygen saturation. SWI calculates the oxygen saturation based on the differences in the magnetic sensitivities of oxyhemoglobin and deoxyhemoglobin [21] . The SWI images of venous structures depend on the T2* time, which may be shortened by deoxyhemoglobin-induced non-uniformity of the magnetic field, and phase differences between the surrounding tissue and blood vessels [22] ; therefore, changes in CBF can also cause changes in the SWI signals [21] . The R2* parameter of BOLD may be affected by blood volume, the red blood cell volume ratio, oxygen consumption, and small arteries [23] , as well as by other factors such as subject age [24] . Since SWI is an imaging technique with full flow compensation, it has a higher sensitivity than BOLD MRI when the magnetic field is uneven [25] , and therefore can minimize the interference of small arteries in the measurement and can accurately detect deoxygenated hemoglobin.
The results presented here demonstrate that after repeated bloodletting in rabbits, the SWI signal intensities of gray matter structures in the bilateral frontal cortex, temporal lobe, and thalamus were significantly decreased. However, the SWI signal intensity of the frontal white matter was not significantly affected by bloodletting. The reductions in the SWI signal intensities of the bilateral frontal cortex, temporal lobe, and thalamus after bloodletting may have been the result of decompensation induced by the repeated loss of blood. Bloodletting may have resulted in a fall in blood pressure, an elevation of heart rate, and hyperventilation, further increasing the emission of carbon dioxide and thus decreasing its partial pressure, as was evident from our observations. The resulting hypocapnia may have led to cerebral artery contractions and reductions in CBF. To meet the oxygen needs of the brain, the proportion of oxygen extracted from the blood must increase, thereby decreasing cerebral venous oxygen, elevating levels of intravenous deoxyhemoglobin, and reducing the SWI signal intensity.
Previous studies have revealed that the overall metabolic rate, the number of capillaries in gray matter, and the flow rate of the cerebral cortex are 4 times that of the white matter [26] . Our study also demonstrated that before bloodletting the SWI signal intensity of the frontal cortex of rabbits was significantly higher than that of the frontal white matter, suggesting higher perfusion and more perfusion-induced oxyhemoglobin in the gray matter than in the white matter. Furthermore, the results presented here imply that the gray matter was more sensitive to changes in PaO 2 and PaCO 2 caused by acute hemorrhage, consistent with a previous report using arterial spin-labeling MR imaging [27] . In our study, blood loss led to a decrease in the SWI signal intensities of the gray matter structures of the cortex and thalamus, but little or no change in the white matter structures, suggesting that in the hypocapnic state associated with acute hemorrhage, the reductions in cerebral perfusion in the cortex and thalamic nuclei were greater than that in the white matter. In contrast to our findings, Rostrup et al. [27] reported that in conscious volunteers scanned using functional MRI, elevations in blood carbonic acid content were associated with increases in the BOLD signal intensity of only the cortical gray matter, with no rise detected in the gray matter nuclei and white matter. A possible explanation for this discrepancy is that the use of anesthetics in our study may have inhibited gray matter structures; in addition, SWI is more sensitive and accurate at measuring alterations in BOLD signal intensities, allowing detection of changes in the gray matter nuclei that may not have been detectable in the Rostrup et al. study. Moreover, we evaluated the cerebral white-gray contrast of the SWI images. The gray matter of the brain contains more veins than the white matter, which may explain our observation that the SWI signal of the white matter was not significantly decreased. During the hemorrhage, cerebral venous structures became clearer, and the cerebral white-gray contrast was markedly improved.
Conclusions
This study has revealed that SWI is an effective tool for detecting PaO 2 -and PaCO 2 -induced changes in the cerebral oxygenation of different brain regions after acute hemorrhagic anemia. Therefore, SWI may be a useful technique for monitoring the pathophysiological changes and related complications associated with acute anemia.
